years after GKRS and a low risk of visual or endocrine complications. 9, 26 Although the incidence of delayed pituitary dysfunction in one or more hormone axes varies from 30% to 40% after GKRS, hormone deficiencies are readily managed with appropriate replacement therapy. Initial resection is not always feasible for NFA patients with significant comorbidities or an advanced age, and some patients prefer a less invasive option if it has satisfactory outcomes. In recent decades, relatively few publications have described the results of primary GKRS for NFA. 2, 9, 11, 20, 24, 28, 30, 32 In this study, the outcomes of initial GKRS for NFAs obtained by an international group of three centers with extensive radiosurgical experience were evaluated.
Methods

Patient Population
All three medical centers received independent internal review board approval to submit their retrospective clinical outcome analyses of patients with NFAs. Initial or upfront GKRS was defined as GKRS as the primary management modality for patients with NFAs. None of the patients had undergone any prior surgery or fractionated radiation therapy. The medical records of the patients were retrospectively reviewed at each center. A common spreadsheet database with specific variables was established and used by all participating centers. With institutional review board approval, each group reviewed and analyzed pooled and de-identified data and drafted a report.
Study Inclusion Criteria
For inclusion in the study, all patients had one or more of the following: 1) no history of cancer; 2) contrast-enhanced MRI findings consistent with a pituitary adenoma, as interpreted by the treating clinicians and a radiologist; and 3) a comprehensive endocrinological assessment that demonstrated no evidence of hormonal hypersecretion. All patients also had to have one or more clinical, neuroimaging, and endocrinological follow-up evaluations.
Clinical and Radiographic Evaluations
Imaging studies consisted of MRI with axial and coronal pre-and postcontrast sequences. Endocrinological studies included serum measurements of growth hormone (GH), insulin-like growth factor-1, adrenocorticotropic hormone (ACTH), cortisol, prolactin, triiodothyronine (T3), thyroxine (T4), free T4, thyrotropin-stimulating hormone, luteinizing hormone, follicle-stimulating hormone, and either estrogen in females or testosterone in males.
After GKRS, all patients underwent clinical and endocrinological evaluations at an average of 6-to 12-month intervals. An attending neurosurgeon and a radiologist reviewed the follow-up neuroimaging studies. Tumor progression was defined as an increase of at least 10% in tumor volume. Tumor regression was defined as at least a 10% decrease in tumor volume. A tumor size that was ± 10% of its original volume was defined as stable. 27 No change or a reduction in tumor volume was defined as tumor control. Pituitary dysfunction related to radiosurgery was defined as a new or worsened endocrine deficiency after GKRS.
Gamma Knife Radiosurgery Technique
Patients underwent stereotactic frame placement after the application of a local anesthetic supplemented with conscious sedation as needed. Afterward, all patients underwent thin-slice stereotactic MRI with and without intravenous contrast administration. Radiosurgery was performed using either the Leksell Gamma Knife Model 4C or Perfexion unit (Elekta Instrument, Inc.).
Statistical Analysis
Data are presented as the median or mean and the range for continuous variables and as frequency and percentages for categorical variables. Statistical analyses of categorical variables were performed using the chi-square test, Fisher exact test, and Mantel-Haenszel test for linear association, as appropriate. Statistics of the means were performed using the unpaired Student t-test both with and without equal variance (Levene test), as necessary, and the Wilcoxon rank-sum tests when variables were not normally distributed. A Kaplan-Meier curve was plotted for progression-free survival from the time of GKRS, last follow-up, and failure of treatment if any.
The logistic regression model was used to analyze the prognostic factors of hypopituitarism. Significant variables and interaction expansion covariates were further assessed in both logistic multivariate analyses, as deemed relevant. Probability values < 0.05 were considered statistically significant. For statistical analysis, we used IBM's SPSS (version 20.0).
Results
Patient Characteristics
Forty-one patients who had undergone upfront GKRS between 1988 and 2012 were collected from this multicenter experience of 569 patients with NFAs: 11 patients from the University of Virginia Health System (representing 5.1% of patients with NFAs treated using GKRS and no prior treatment at the University of Virginia); 15 from the University of Pittsburgh Medical Center (representing 12.0%); and 15 from Taipei Veterans General Hospital (representing 6.6%). The median patient age was 69 years, and 51% of the cohort were women ( Table 1 ). The median tumor volume was 2.3 ml (range 0.2-10.5 ml). On the initial MRI studies, microadenomas (adenomas < 1 cm in diameter) were present in 6 patients (14.6%), but the remaining tumors (85.4%) were macroadenomas. Thirteen patients (32%) had NFAs with suprasellar extension, whereas 21 patients (51%) had NFAs with some degree of cavernous sinus extension. Fifteen patients (37%) had pituitary dysfunction in one or more hormonal axes before GKRS. Nine patients had evidence of baseline dysfunction in the thyroid axis, 5 had a deficiency in the cortisol axis, 4 had dysfunction in the gonadotropin axis, and 2 had deficiencies in the GH axis. Five patients had mild elevation of serum prolactin levels that were interpreted as consistent with stalk effect (that is, a serum prolactin level < 150 ng/ml). Nine patients (22%) had partial vi-sual field deficits before GKRS, with most cases caused by a primary ocular problem such as macular degeneration, diabetic retinopathy, or cataract. None of the patients had visual deficits related to optic apparatus compression. Twenty patients (48.8%) were more than 70 years old, and 30 patients (73.2%) had major medical comorbidities that portended high operative risks, including heart failure, chronic obstructive pulmonary disease, poor lung function, stroke, diabetes mellitus, end-stage renal disease, hematological disease, and psychiatric disorders. Eight patients (19.5%) were unwilling to undergo more invasive surgical approaches and therefore chose GKRS.
All patients underwent GKRS as the primary or upfront therapy. Prescribed doses (that is, radiosurgical doses to the tumor margin) varied from 6.2 to 25 Gy (median 12 Gy) at a median 50% isodose level (range 30%-61%). The median maximum radiation dose delivered to the optic apparatus was 7.7 Gy (optic chasm), 7.8 Gy (optic nerve), and 8.1 Gy (optic tract). The maximum radiosurgical dose to the optic apparatus was < 11.2 Gy ( Table 2) .
Tumor Control
The median neuroimaging follow-up was 48 months (range 7-159 months). In all, 18, 13, and 8 patients had ≥ 3, ≥ 5, and ≥ 7 years of follow-up, respectively. At the last follow-up after GKRS, a decrease in tumor volume occurred in 34 patients (82.9%), tumor stability in 4 patients (9.8%), and a tumor increase in 3 patients (7.3%). Actuarial progression-free survival was 94% and 85% at 5 and 10 years postradiosurgery, respectively ( Fig. 1 ). Images from a patient who had an excellent tumor response are featured in Fig. 2 .
Of the 3 patients with an increase in tumor size, one had worsened visual field deficits associated with the tumor enlargement. The enlarged adenomas were found on neuroimaging studies in the other 2 patients, who had no clinical symptoms or signs ( Table 3 ). The patients with tumor progression received 10, 12, and 12 Gy at the tumor margin to the 30%, 50%, and 50% isodose lines, respectively. There was no statistical difference in the prescription dose between the patients with and without tumor control (p > 0.05).
Neurological Results and Complications
Twenty-one patients (51%) complained of headaches prior to GKRS, and 3 of them (14%) had subjective improvement in their headaches at the last follow-up ( Table  3) . Of the 9 patients with preexisting visual field deficits, 1 (11%) experienced both subjective and objective visual improvement after GKRS. At the last follow-up, 1 patient without tumor enlargement demonstrated new oculomotor and trochlear nerve dysfunction 96 months after radiosurgery. Except for hypopituitarism, radiation-related neurological complications without tumor growth were observed in 1 patient (2.4%).
Hypopituitarism
The median endocrinological follow-up was 52 months (range 7-159 months). None of the 15 patients with pituitary dysfunction before GKRS experienced endocrine improvement as a result of the radiosurgery. Newonset or worsened pituitary deficiencies were detected in 24.4% of the patients (n = 10; Table 3 ). The new or worsened pituitary deficiencies were seen in the following axes: cortisol axis (n = 4), gonadotroph axis (n = 4), GH axis (n = 3), and thyroid axis (n = 2). The median time to the development of a new pituitary hormone deficiency was 37 months. In this highly select group of patients, a prescribed tumor margin dose > 18 Gy and a maximum dose > 36 Gy were the only 2 prognostic factors for post-GKRS hypopituitarism (p = 0.013 and 0.011 on univariate analysis, and p = 0.038 and 0.025 on multivariate analysis, respectively). Other factors, including age, sex, tumor margin dose, tumor extension, and pre-GKRS hormone status, were not statistically related to hypopituitarism in this series (Table 4) .
Additional Management After GKRS
Three patients had tumor growth after GKRS, and 2 of them underwent resection. The patient with new-onset visual deficits and tumor enlargement underwent transsphenoidal surgery (TSS) 3 months after GKRS. The other patient who had tumor enlargement without clinical symptoms and signs underwent TSS 3 months after GKRS, and the NFA was found to be larger than on the initial MR image with suprasellar extension. The third patient had only mild tumor growth (slightly greater than a 10% increase in tumor volume) 7 months after GKRS; thereafter, the tumor remained stable 97 months after GKRS. The patient who demonstrated new-onset cranial nerve (CN) palsy (CNIII and CNIV palsy) at 96 months postradiosurgery had no evidence of tumor enlargement. The initial tumor was larger (5.5 ml) than the median adenoma volume (2.3 ml) treated in this series. Although resection was performed at the onset of the CN palsies, both palsies remained.
In each of the 3 cases requiring resection, histology showed a typical pattern of null cell adenoma without silent staining characteristics.
Discussion
Resection remains the first-line option in managing patients with symptomatic NFA. Surgical removal has the advantage of yielding a histological diagnosis and providing information about subtype analysis (for example, silent ACTH subtype). It can also provide rapid relief of mass effect on the neuroendocrine, cerebrovascular, and neuronal structures. Given that many NFAs are macroadenomas, the benefits of relieved mass effect, particularly on the optic apparatus, cannot be understated. If complete resection can be achieved, the procedure can be curative, although delayed recurrences after gross-total resection are frequent and can occur in 24%-80% of cases. 2, 4, 16, 17, 21 The risks of TSS are low, particularly at experienced centers. However, in a recent review of the Nationwide Inpatient Sample (NIS) database, the authors noted that the risks of transsphenoidal resection lead to a 0.7% rate of inpatient mortality, a 5.6% rate of neurological deficits, and a 42.1% overall risk of complications. 23 Another national report collecting data from 958 neurosurgeons showed that after TSS the complication of pituitary dysfunction would occur in 19.4% patients and the complication of diabetes insipidus would appear in 17.8% patients. 6 In the study of the NIS database, the patients with preoperative comorbidities and those over the age of 64 years were statistically more likely to have an adverse outcome following TSS. 23 Although a comparison of initial GKRS with transsphenoidal resection seems appropriate, there are patient selection differences that make a comparison between the current study results and the outcomes in the NIS database an imperfect one. In the current study of upfront GKRS for NFA, direct radiosurgical complications were seen in 11 patients (26.8%), with the majority of the complications (24.4%) due to hypopituitarism, which is a manageable complication. Age and comorbidities in the current series did not increase the risk of post-GKRS complications.
The use of radiosurgery as initial management for functioning adenomas has been described in previous publications. Castinetti et al. 3 described 99 patients who underwent radiosurgery for acromegaly, 19 (19%) of them without prior resection. The authors indicated that these 19 patients had tumors deemed unresectable as a result of "laterosellar extension," a contraindication for open surgery because of comorbidities, or that the patients had refused resection. 3 No significant difference in endocrine remission was reported in the group with radiosurgery alone (21%), as compared with the group with radiosurgery after a prior transsphenoidal resection (16%).
3 Among 25 patients with Cushing's disease treated with radiosurgery, 4 (16%) underwent upfront radiosurgery, and 2 of these patients attained endocrine remission. 15 Other radiosurgical series of pituitary adenomas have included small groups of patients undergoing radiosurgery without a prior resection. 12, 18, 19, 29, 30 The current report is the first to specifically focus on the outcomes of upfront radiosurgery for NFA. Although the natural history of NFAs is not clearly defined, several authors have investigated the issue.
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In an analysis from 2011, the authors studied the natural history of nonfunctioning adenomas based on data from 11 studies having a noncomparative single-cohort design. 8 The follow-up duration in the study ranged from 3 to 15 years. There was a greater tendency for tumor growth in macroadenomas (> 1 cm) and in solid lesions. In our series, 85% of the patients had solid macroadenomas (median adenoma volume 2.3 ml), lesions the recent meta-analysis indicated are more likely to demonstrate growth and resulting problems. 8 Macroadenomas and solid tumors are more likely to grow per the report by Fernández-Balsells et al. 8 Thus, treating these adenomas seems more appealing given the natural history of nonfunctioning adenomas. In the current study, 34 tumors (82.9%) decreased in size after GKRS. Most nonfunctioning adenomas show no growth or slow growth. The tumor regression after initial GKRS in our study would certainly represent a change from the natural history of nonfunctioning adenomas. Among the patients with a stable tumor, it is possible that tumor stability was induced by the Gamma Knife, but it is also possible that these tumors mirrored the natural history of a slow-growing nonfunctioning adenoma and required a longer follow-up to differentiate radiosurgical success or failure.
Gamma Knife radiosurgery is very low risk for patients with NFAs having a small-to-moderate volume. In a study by the North American Gamma Knife Consortium (NAGKC), an adenoma volume under 5 ml provided the best chance for tumor control and neurological preservation after radiosurgery. 26 In another study by the University of Pittsburgh group, progression-free survival after radiosurgery was reduced if the tumor volume was larger than 4.5 ml. 22 In a single-institution study by the University of Virginia, progression-free survival was improved for NFAs under 5 ml. 28 According to the literature, resection appears advantageous when the adenoma volume is greater than 5 ml. For those patients with a smaller NFA, volume reduction to below 5 ml may provide diminishing returns if radiosurgery is to be performed postoperatively. Thus, upfront radiosurgery would seem more appealing for smaller-volume NFAs.
Defining an NFA
In the current study, MRI coupled with the absence of hormone hypersecretion was the cornerstone of diagnosing NFAs. Exquisite soft-tissue contrast and an ability to interrogate the pituitary gland and parasellar anatomy with high spatial resolution and without artifacts from surrounding bony structures have made MRI the primary modality for evaluating NFAs. 10 Nonfunctioning pituitary adenomas, similar to functioning adenomas, exhibit an iso-or hypointense T1 signal on MRI as compared with a normal gland signal, unless intratumoral hemorrhage is present. Most NFAs demonstrate a high T2 signal. Most are round or discoid in morphology. Contour deformity of the pituitary gland and infundibulum may be present. After intravenous gadolinium injection, NFAs are relatively hypo-enhancing or iso-enhancing as compared with a normal pituitary gland. If dynamic imaging is performed, the differential uptake of contrast between an adenoma and the normal pituitary gland serves as another effective diagnostic tool. 1 Once MRI is consistent with a pituitary adenoma, the next step is to prove that the adenoma is a nonfunctioning one. By definition, the diagnosis of NFA should include the finding of no over-production of hormones in a comprehensive endocrinology evaluation; however, a low percentage of NFA cells stain for corticotropin, GH, prolactin, or thyrotropin. Such tumors are referred to as a "silent" corticotrophic, somatotrophic, lactotrophic, or thyrotrophic adenoma, respectively. 32 The diagnosis of silent adenoma would be impossible to exclude from the current series because the patients did not undergo prior resection, although none had any demonstrable hypersecretion pituitary hormone upon comprehensive neuroendocrine testing. Of the 3 patients who ultimately underwent a resection after GKRS, all had tumors consistent with NFAs without silent staining features. Thus, while histology remains the gold standard, diagnosis of an NFA by neuroimaging, clinical, and endocrine features alone seems a reasonable approach. 
Other Advantages to Initial GKRS Management of NFAs
Invasion of the adenoma into the cavernous sinus has also been shown to be a challenge for complete resection. Such an invasion can often be determined on preoperative MRI. Knosp et al.
14 developed a grading system to predict cavernous sinus invasion on the basis of preoperative MRI. For adenomas located between or beyond the intercarotid line and the lateral tangent (that is, Grade 2, 3, or 4), cavernous sinus invasion of the adenoma is likely.
14 Cavernous sinus invasion has been shown to be a risk factor for recurrent or residual tumor after resection of an NFA. 20 In addition, pituitary adenomas exhibiting cavernous sinus invasion have been shown to have a higher growth rate, as measured by Ki 67 analysis of adenoma specimens. 13 Thus, targeting the cavernous sinus component of the pituitary adenoma would seem important and of therapeutic value in any surgical approach. Radiosurgery, unlike microsurgery, can be extended into the cavernous sinus with relative ease. Stereotactic radiosurgery (SRS) is often used to encompass adenomas in the sella as well as those invading the cavernous sinus in one approach and to convey a low risk of cranial neuropathy. In a recent series from the North American Gamma Knife Consortium (NAGKC), the risk of cranial neuropathy after GKRS for an NFA was quite low even in patients with cavernous sinus invasion. 26 As such, upfront radiosurgery for adenomas residing primarily or exclusively in the cavernous sinus may be an appealing approach.
In addition, the efficacy of SRS for NFAs has proven durable. In the current study, 5-year actuarial tumor control was 94%. According to the study by the NAGKC, overall tumor control was achieved in 93.4% of patients at the last follow-up. 26 Actuarial tumor control was 98%, 95%, 91%, and 85% at 3, 5, 8, and 10 years postradiosurgery, respectively. In other words, we can expect that 85% of patients will not need any further management for their NFA within 10 years, with only minimal complications. If the patient has a smaller tumor volume and no suprasellar extension, tumor control can be even better. 26 
Complications Associated With Upfront GKRS
In terms of postradiosurgery complications in the NAGKC study, new or worsened hypopituitarism after radiosurgery was noted in 21.0% of the patients who had NFAs, with thyroid and corticotroph deficiencies reported as the most common postradiosurgical endocrinopathies. 26 In the present study, the result was similar, with 24.4% of patients experiencing hypopituitarism at a median of 37 months post-GKRS. A higher radiosurgical dose was related to an increased risk of hypopituitarism after GKRS. Fortunately, a lower tumor margin dose for NFAs, as compared with the dose for functioning adenomas, seems effective for radiosurgery; 25 this lower effective dose for NFAs may translate to a lower risk of delayed hypopituitarism. Even though the incidence of this side effect of SRS seems to be higher than those for microsurgery and TSS, the hypopituitarism is not difficult to manage. Most patients can be treated with the physiological replacement of a diminished hormone. Moreover, from prior publications we have gained a better understanding of the causes of postradiosurgical hypopituitarism and the ways to avoid it. For example, patients receiving a lower dose to the normal gland, pituitary stalk, and hypothalamus are less likely to develop hypopituitarism. 7, 31 Definite longitudinal neuroendocrine follow-up is needed to detect and correct delayed hypopituitarism if it occurs after radiosurgery. However, long-term and serious complications associated with initial GKRS seem rare.
Role of Initial GKRS in the Management of NFAs
In summary, resection remains the preferred initial treatment for most patients with NFAs requiring intervention. However, upfront radiosurgery for NFA may be indicated in select clinical settings such as in older patients (70 or more years); in patients with multiple comorbidities in whom an operation would involve a high risk; in patients with clear neuroimaging and neuro-endocrine evidence of an NFA, no mass effect on the optic apparatus, and progressive tumor on neuroimaging follow-up; or in patients who wish to avoid resection. When physicians are faced with such situations, upfront SRS treatment may provide a reasonable alternative for controlling NFAs.
Study Limitations
The main limitation of this report is its retrospective nature and relatively small patient population. Because of its retrospective nature, we were not blinded to the decision of GKRS treatment or to the post-SRS imaging evaluation, both of which are limitations. The small patient population undoubtedly limited the statistical power of some of the analyses. And although the three contributing centers represent academic tertiary care centers and each has Gamma Knife experience of more than 20 years, the diverse referral pathways may have introduced a selection bias and could represent patient cohorts not typical of community or regional hospitals, especially the two US centers in which patients came from local, regional, and international referring physicians. Finally, there were differences in the radiosurgical technique between the centers.
Conclusions
For selected patients with NFAs, upfront GKRS afforded a high rate of tumor control and preserved neurological function. Hypopituitarism occurred in 24.4% patients, and other complications (that is, CN palsy) were observed in 2.4% of patients. In the future, the selective application of upfront SRS for radiographically and endocrinologically identified NFAs may be reasonable. Further evaluation seems warranted to better define the role of SRS, as compared with the standard approach of resection, for small-to moderate-volume NFAs without the need for immediate relief of mass effect.
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